The effect of HgI 2 crystal encapsulation using different polymer resins, with the intent of avoiding the oxidation of the crystal surface, was evaluated in this work. The crystal was purified and grown by the physical vapor transport (PVT) technique modified. Systematic measurements were carried out for evaluating the stoichiometry, structure orientation, surface morphology and impurity of the crystal grown. The purer region of the crystal grown was selected to be prepared as a radiation detector, applying water-based conductive ink contacts and copper wire on the crystal surfaces. After that, the crystal was encapsulated with a polymeric resin which insulates atmospheric gases, aiming to improve the stability of the HgI 2 detector. Four resins were used for crystal encapslation and the performance of the detector depended on the composition of the resins used. Among the four resins studied to evaluate the influence of encapsulation on the performance of crystals, as a radiation detector, the best result of resistivity and energy spectrum was obtained for the resin #3 (50% -100% of Methylacetate and 5% -10% of n-butylacetate). The encapsulation of crystals with polymer resins, performed with the intent of avoiding the oxidation of the crystal surface, did not compromise the measurements and were fully capable of detecting the presence of gamma radiation. The stability of the encapsulated HgI2 crystal detector was of up to 78 hs, while the stability found for HgI 2 detector no encapsulated was in order 3 ~4 hs.
Introduction
HgI 2 is a layered semiconductor material with a wide band gap energy (Eg = 2.13 eV), high resistivity (>10 14 Ωcm), high density (7.5 g/cm 3 ) and high atomic number elements (Z Hg =80 and Z I =53. These characteristics make the mercury iodide (HgI 2 ) a very promising material, with large technological applicability as a room temperature radiation detector (Squilante et al., 1995 , Goorsky et al, 1996 Gregor & Hermon, 1997 . However, problems still exist to grow HgI 2 crystals with suitable purity and surface morphology to be used as a room temperature radiation detector. A technological challenge remains (Martins et al, 2012 , Zhaojun, et al., 2015 , Rault et al, 2016 , Barthaburu et al., 2016 , Tyagi, 2017 .
Most of semiconductor crystals, such as PbI 2 (405°C) (Oliveira, et al, 2002) , TlBr (468°C) (Oliveira et al, 2004 and BiI 3 (408.6°C) are purified and grown by the fusion technique However, the HgI 2 undergoes structural phase transition below its melting point (259°C), what makes its growth by fusion technique more difficult (Zhou et al.. 2003; Martins et al. 2012) . HgI 2 can present three solid phases, being differentiated by structural features. One of the phases is known as α-HgI 2 , of red color, and it is obtained below the transition temperature, around 127°C. Its structure is tetragonal and is the most stable of all phases of HgI 2 . Another phase is the β-HgI 2 of yellow color with orthorhombic structure and it can be obtained in different ways, generating two different types of characteristic polymorphisms. One way of obtaining it is above the transition temperature, i.e. above 127° C, this is known as yellow HT (HT -High Temperature) and it is in a complete HgI 2 transition phase, but not totally stable. Another form is metastable, known as yellow M (M -metastable), and it is obtained by a rapid evaporation of a solvent, which can be below the transition temperature. The third phase of this material is known as orange HgI 2 , only having differences in the positions of the mercury atoms between the atoms of iodine. Thus, the fusion technique is not recommended for the growth of HgI 2 , other techniques, such as "Physical Vapor Transport" (PVT) (Zhou et al, 2003) or "Saturated Solution" (Rao et al, 1979) are more adequated for HgI 2 growth.
The performance of radiation semiconductor detectors is controlled by both intrinsic and extrinsic factors. Carrier lifetime, mobility and the atomic number of the material used for radiation detectors represent intrinsic parameters, while extrinsic factors such as crystallographic perfection, surface morphology and stoichiometry and impurity levels can also play a major role in the performance of radiation detectors (Goorsky et al, 1996 , Oliveira 2004 ).
The impurities can influence the charge carrier lifetime and the surface morphology, affecting the detector efficiency. There is agreement in the literature on the difficulty in growing crystals with high crystallographic perfection, high chemical purity and good stoichiometry and surface morphology, suitable to be used as room temperature semiconductor detectors [Oliveira et al., 2004 , Marcondes et al, 2011 . The role of the crystal impurities on the electrical properties and surface morphology of HgI 2 is crucial, and the performance of these detectors has been limited by the crystals quality.
Studies have been carried out to establish a correlation between the roughness and surface morphology with the resulting values of the detector leakage currents. It has been demonstrated that using smoother surfaces, lower noise is produced in the detectors [Squilante et al. 1995 , Oliveira et al. 2005 , Martins et al., 2012 . However, as far as we know, studies related to the influence of crystal encapsulation on its performance as a radiation detector has not been, previously, reported. In this work, the radiation response was studied encapsulating the HgI 2 crystal detectors with polymer resins of different compositions. The encapsulation was carried out immediately after the preparation of the crystal as a radiation detector, applying electrical contacts on the crystal surfaces. It was demonstrated, at first time, the influence of the encapsulation in radiation detector performance. Also, improvements in the purification and growth of the HgI2 crystal were accomplished and its quality evaluated.
Method
The commercially available HgI 2 powder (Alpha Aesar), with nominal purity of 99.9%, was used as the starting material for growing crystals. The crystals were purified and grown by PVT technique. For purification of the HgI 2 powder, the PVT method was modified, whose scheme is shown in Figure 1 . The heat is provided by a resistive wire which covers the bottom of the tube ( Figure. For purification, the borosilicate glass ampoule filled with 5 g of HgI 2 powder was, previously, evacuated at 90°C for 15 min and sealed, aiming the powder dehumidification and prevention of HgI 2 vapor loss, with external contamination. Afterward, the ampoule containing HgI 2 powder, at the bottom ( Figure 1D ), is placed in the purification system. The HgI 2 powder heated at 110°C sublimes in the upper region of the ampoule ( Figure 1C ), being deposited in the heat exchange region. The residue of the raw material remained at the ampoule bottom. This purification process is based on sublimation difference among the HgI 2 and powder contaminants, thus, when HgI 2 is heated, it converts into the vapor phase; contaminants with different sublimation temperatures are separated from HgI 2 .
The HgI 2 crystal growth was, also, performed by PVT technique. Growth theory is quite similar to the purification, differing only by the parameters of temperature and time, as well as the furnace and ampoule used.
The heat is transmitted from a sealed resistance contained within the furnace (Figure 2 ), which has outer stainless steel walls in order to reduce the loss of heat to the environment and provide structural resistance, as can be observed on the furnace schema ( Figure 3 ). For growth, the ampoule containing the purified solid HgI 2 should be hermetic in order to prevent loss of HgI 2 vapor and reduce the possibility of contamination or loss of stoichiometry in the grown crystals.
The time and temperature parameters were found by equation (1) where the Qmax value is the quantity of the purified solid HgI 2 placed in the ampoule, T is the temperature in the hottest region of the furnace and k is proportionality constant.
The impurity concentration, surface morphology and stoichiometry of the HgI 2 crystal were analyzed by the scanning electron microscopy with back-scattered electrons (SEM-BSE) technique, using the scanning electron microscopy (SEM-BSE), LX 30 Philips model. The acceleration voltage used for measurements was 20kV.
(1) (A) (B) Figure 2 . Furnace designed for HgI 2 crystals growth (A). Growth ampoule containing the HgI 2 crystal grown on the top and growth residues on the bottom of the ampoule The crystalline quality and structural characterization of the HgI 2 crystal were analyzed by X-ray diffraction (XRD). X-ray diffraction patterns were obtained in a Siemens (D5005) Diffactrometer, using CuKα radiation (2θ ranging from 10° to 100º). The samples were measured with a scan rate at 2 °/ min and the step size of the X-ray diffraction analysis was of λ = 1,5418Å.
After the physicochemical characterizations, crystals with better characteristics were selected to be prepared as radiation detector. Firstly, the crystal was cleaved using a thin ceramic blade at low pressure along its axis to cleaving the crystals. HgI 2 is highly reactive with metals, thus the use this material should be avoided, being the ceramic more suitable. Applying a force or knock, minerals may break with certain particularities, often reflecting the crystal structure. The HgI 2 crystal has a cleavage plane along its axis <100>, due to lower bond energy between atoms and greater interatomic spacing. Among iodine atoms there is 151kJ/mol of bond energy and between iodine atoms and mercury atoms that energy is 291kJ/mol, this lower energy is resulting interactions enters atoms less intense, leading to greater crosslink spacing, this can best be understood in Figure 4 .
The final dimensions of the crystal slices were approximately 10 mm diameter and 1 mm thick. Studies for the preparation of HgI 2 crystals as radiation detectors were carried out at the Materials Research Center (FMF-Freiburger Materialforschungszentrum) of the Universität Freiburg. The HgI 2 radiation detectors were prepared, placing electrical contacts on the cleaved slices of the HgI 2 crystal, to make it possible to measure the charge carriers produced under the ionizing radiation excitation. The conductive graphite ink (Viatronix) and copper wire contacts were applied on opposite sides of the newly cleaved crystals, as quickly as possible, in order to minimize the reactions between the exposed crystal surfaces and the atmosphere. After about two minutes (required to dry the conductive paint) the crystals were coated with polymer resin in order to isolate the atmosphere and evaluate the performance of the detector after resin encapsulation as to its response to radiation. Four types of commercial polymer resins were used to evaluate the influence of the resin type on the performance of the crystals, as a radiation detector. The compositions of the commercial resins used are summarized in Table 1 . The sequence of the preparation steps of the crystal of HgI 2 as a detector of radiation after the growth and physicochemical characterization, is shown in the Figure 5 , that are: (1) crystal selection; (2) cleavage of crystal; (3) electrical contact application to collect the electrical signal and (4) crystal encapsulation with the resin, in order to inhibit to oxidation and reduce the current generated in the crystal surface and (5) electronic coupling. In order to evaluate the leakage currents and resistivity of the detectors developed in this work, leakage currents were measured by applying a potential over the semiconductor using an adjustable voltage source, Ortec model 556 and the current value was obtained using an ammeter, Model 619, Keithey. In order to avoid mechanical shocks and incidence of light, the crystal detector was packed in an aluminum box.
With the values obtained from the measurements, the resistivity of the detectors was determined, by inference to the leakage current values, using the following equation (2):
where,  is the resistivity in the dark, V is the voltage applied in volts, The contact area is cm 2 , I d is the current in the dark given in Ampére and l is the sample thickness in cm [Knoll, 1989] .
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For the measurements of the radiation, the encapsulated detector was packed in an aluminum housing, which acts as an electromagnetic and optical shield and then coupled to the preamplifier. Energy spectra were measured using a 137 Cs gamma radiation source (662 keV) and a conventional oscilloscope (Tektronix MSO5104B 1Ghz). Measurements were performed at room temperature (24°C).
Results and Discussion
A brilliant dark red color crystal with 15 mm maximum diameter and 20 mm thickness, obtained by PVT method and a crystal wafer, after cleavage, with a deep red color, are shown in Figures 6 (a) and (b) , respectively. Crystals of 1 cm 2 superficial area and 0.5 cm thickness, with regular angulations plus uniform and transparent surface were obtained, as it may be observed in these figures. The typical X-ray diffraction pattern of the cleavage surface from HgI 2 crystals grown is shown in Figure 7 . The results showed that the crystals have a similar structure to the tetragonal crystalline pattern of the HgI 2 . The X-ray diffraction pattern indicates that the crystal is, preferentially, oriented in the (001) and (101) Figure 7 . X-ray diffraction pattern of HgI 2 grown by PVT The HgI 2 crystal grown by the PVT technique, which is at the top of the ampoule, is shown in Figure 8 (a), while its elemental composition and stoichiometry determined by the SEM-BSE method are shown in Table 2 . Three samples were extracted at different regions of the crystal surface, aiming to verify the uniformity of whole surface of the crystal. As can be seen in the Table 2 , adequate stoichiometry was found in all three samples, confirming uniformity in all crystal regions. For example, for sample 1 the atomic percentage of Hg was 28.53, while for I 2 it was 55.52, corroborating a good stoichiometry for the HgI 2 crystal. Also, the samples 2 and 3 presented close results. Other elements, such as Al, Si, K, were observed in the trace form, acting as impurities in the crystal. The atomic percentage around 14% found in O 2 can be attributed to the surface exposure of HgI 2 in atmospheric air. It should be noted that adequated stoichiometry was found at the three regions extracted of the crystals, indicating the homogeneity on the whole surface of the crystals These results demonstrate the efficiency of PVT as a purification method and SEM-BSE to determine the concentration of impurities and stoichiometry. Figure 9 shows the micrographs of the scanning electronic microscopy with secondary electrons (MEV-SE) carried out in the cleaved slice from the Hg 2 crystal grown by the PVT technique, in order to evaluate the quality of the HgI 2 surface. As can be seen in this Figure, the crystal magnified 200 times presented smooth surface (Figure 9a ). Extending 650 times a structure with uniform layers can be observed (Figure 9b ), indicating a good orientation in the crystal structure.
Expanded 200X (a) Expanded 650X (b) Figure 9 . MEV-SE micrographs of the HgI 2 crystal surface grown by PVT In addition, the micrographs of the scanning electron microscopy with back-scattered electrons (SEM-BSE) carried out in the slice leaved from the HgI 2 crystals grown by PVT is showed in Figure 10 . A structure with uniform layers may be also observed, even magnifying the image 5000 times (Figure 9 ), confirming a good orientation in structure of this crystal. Figure 10 . SEM-BSE micrographs of the HgI 2 crystal surface grown by PVT (expanded 5000X).
The residue of the raw material remained at the ampoule bottom after the crystal growth by the PVT (Figure 8(b) ) was, also, evaluated by the SEM-BSE technique. The results summarized in the Table 3 were compared with those obtained for the HgI 2 crystal grown at the top of the ampoule (Table 2 ). The presence of significant amounts of impurities can be observed, namely, O, Na, Mg, Al, Si, K, mainly potassium, K, (21.41% ) and oxygen, O, (53.28%), which were higher than those of Hg (4.35%) and I (4.54%). The stoichiometry of HgI 2 was not followed in this sample, contrary to that found in the HgI 2 crystal grown. This result confirms the efficacy of the PVT technique to purify the starting material and SEM-BSE to determine the impurity concentration. Figure 11 shows the residual powder surface layer from the bottom ampoule after the growth obtained by SEM-BSE technique. As it can be seen from this Figure, the image showed an amorphous structure, as expected, since the crystal must be formed at the upper extremity of the ampoule.
(a) (b) Figure 11 . SEM-BSE micrographs of the HgI 2 residual powder remained at the bottom of the ampoule after the growth, expanded 200 X (a) and 5000 X (b)
The purer region of the crystal grown by PVT technique was selected to be prepared as a radiation detector, applying water-based conductive ink contacts and copper wire on the crystal surfaces. The deposition of contacts in any device merits significant attention and, in the case of HgI 2 , this attention should be even greater since the HgI 2 is extremely reactive with a large range of metals, thus the contacts should be carried out with non-conductive materials, such as conductive inks containing carbon particles. Some authors (Perez et al. (2009 ), Schieber et al(2001 point out, as an alternative, the contacts with two carbon material particles, palladium and rhodium, however up to the present moment it is agreed in the literature (Coleman (1978) , Kaldis (2008) ) that the contacts with conductive inks are better for use with HgI 2 . Thus, the use of water-based conductive paint has overcome a major drawback, which is the high reactivity between metal contacts and the surface of HgI 2 crystals.
After, approximately, two minutes (necessary for drying the conductive ink), the crystals were coated with a polymeric resin which insulates atmospheric gases, aiming at minimizing the reactions between the exposed surfaces and these gases. Among the four resins studied (Table 1) to evaluate the influence of encapsulation on the performance of crystals, as a radiation detector, a chemical reaction between the crystal surface coated with resin #1 (50%-100% Heptane; 10%-25% Methylcyclohexane and <1% Cyclohexane) and the copper conductive wire components was observed during the polymerization process, what may be associated to the formation of free radicals. This reaction may be observed within a few minutes after the polymerization, with the formation of bubbles and alteration of the resin color, as shown in Figure 12a . In comparison, there are no evidences of chemical reactions during the polymerization of resin #3 (methyl-acetate e n-butyl-acetate), as well as of resin number 2 (ethanol, acetone e ethyl-acetate) and 4 (ethyl-2-cianoacrilate), as it may be seen in Figure 12b . After preparation of the HgI 2 crystal as a radiation detector, its performance on the radiation response was evaluated. At first, resistivity values of the HgI 2 crystals were determined by the leakage current measurements as a function of the applied voltage. The determined resistivity values from each crystal encapsulated are summarized in Table 4 . The best resistivity result (3.9 x 1010 Ωcm) was obtained for the detector encapsulated with resin #3 (50% -100% of methyl-acetate and 5% -10% of n-butyl-acetate), which value is close to those described by Zhang et al (2015) . It was not possible to evaluate the crystal encapsulated with resin # 1 due to the chemical reaction occurrence between the resin and the HgI 2 crystal surface with the electric contacts (Figure 12a) , not allowing its use as a radiation detector. As far as it is known, all works found in the literature aiming at studying the effect of stability of HgI 2 detectors are focused either on the study of purity and defects of crystals, or the morphologic quality of their surfaces. For the first time, the encapsulation of the HgI 2 crystal has been proposed in order to avoid the oxidation of the surface with the intent of avoiding the oxidation of the crystal surface, thus increasing the stability of the HgI 2 detector. Figure 13 shows the 662 keV energy spectra from the 137 Cs source of fifteen HgI 2 detectors, divided into three batches of samples from three different crystals. Each batch was prepared using HgI 2 crystals of the same origin, which were encapsulated with four different resins. In this study, it was observed that the detector performance depends on the resin composition. As it may be seen in the three spectra of Figure 13 , the resin that presented the best performance was resin #3, which is composed of 50% -100% of methyl-acetate and 5% -10% of n-butyl-acetate. All crystals encapsulated with resin #3 presented better spectrometric results (Figure 13) , with photopeak more clearly observed.
The spectra from crystals encapsulated with resins 2 and 4, although sensitive to radiation, did not present energetic resolution to form the photopeak. A possible explanation may be the formation of ionic free radicals that can conduct electric current; however, more detailed studies should be carried out. The crystal encapsulated with resin#1 was not measured, because its reaction with the electric contacts (Figure 12a ), disables its use as a radiation detector. The stability was evaluated by the degradation of the photopeak from the spectra in function of the time. The stability found in HgI 2 crystals without the encapsulation were around 3~4 hours, while for detectors encapsulated with resin #3 (Table 1) in this work the stability lasted till 78 hours.
Conclusion
HgI 2 crystals grown by the PVT method presented a high purity, good morphology surface quality and orientation in the crystal structure, showing to be suitable for the use as a room temperature radiation semiconductor detector. The dependence of the detector performance on the resin composition used in the crystal encapsulation was demonstrated in this work. Among the four resins evaluated, the best performance was found for resin #3, whose composition is 50% -100% methyl acetate and 5% to 10% n-butyl acetate. The crystal encapsulated with this resin presented a well-defined photopeak in its energy spectrum, as well as, the best resistivity value of the order of 3.9 x 10 10 Ωcm . The other two resins studied, resine #2 (25% -50% ethanol, 25% -50% acetone and <2.5% ethyl acetate) and resine#4 (50% -100% ethyl-2-cyanacrylate) were sensitive to radiation, however, no photopeak was observed. The resistivity value found for the HgI2 detector encapsulated with resin #2 was 6.4 x 10 8 Ωcm and resin # 4 was of 8.5 x 10 7 Ωcm. A chemical reaction between the resin# 1 (50% -100% Heptane 10% 25% Methylcyclohexane; and 1% Cyclohexane) and electrical contacts applied to the surface of the crystals was observed, in the resin polymerization for crystal encapsulation, making resin #1 unsuitable for its use in the preparation of the crystal as a radiation detector. The stability of the HgI 2 detectors without the encapsulation was in the order of 3 to 4 hours, while the detectors encapsulated in this work presented stability of up to 78 hours, corroborating the validity of the encapsulation.
